The global analysis of the cellular lipid and protein content upon exposure to metal and metal oxide 21 nanoparticles (NPs) can provide an overview of the possible impact of exposure. Proteomic analysis has 22 been applied to understand the nanoimpact however the relevance of the alteration on the lipidic profile 23
Introduction 51 of 1 and 5 mg/L were added to respective cells. The cells were then cultivated for an additional 48 h with 151
NPs containing medium changed every day. On the third day, 20 μl of tetrazolium dye MTT solution (5 152 mg/mL) was added to each well and was further incubated for 4 h. The supernatants were then removed 153 and 200 μl of dimethyl sulfoxide (DMSO) was added to dissolve the formazan crystal at 37 °C. The 154 absorbance was measured with a VICTOR3™ multi-labeled microplate reader (Perkinelmer Inc., 155
Waltham, MA USA) at 560 nm. The assay was performed twice with three replicates for each sample in 156 each assay. 157
Preparation of protein extracts 158
Hepatocytes media was carefully discarded and cells pellets (~ 1.5 x 10 6 cells per sample) were re-159 suspended in cell washing buffer solution (10mM Tris-base pH 8, 5mM of magnesium acetate) centrifuged 160 at 12,000 g at 4°C for 4 min for three times according to the manufacturer's instructions (GE Healthcare). 161
Later, hepatocytes were re-suspended in lysis buffer (2% ASB14, 8M urea, 5mM magnesium acetate, 162 20mM Tris-base pH 8.5) [37] , left on ice for 10 min, and sonicated intermittently on ice until cells were 163 lysed. Cell debris was removed by centrifugation at 12,000 g at 4 o C for 10 min while the supernatant was 164 transferred in new tubes followed by 20% of trichloroacetic acid (TCA) in cold acetone at -20°C overnight. 165
The protein precipitates were collected by centrifugation at 12,000 g for 5 min, and then the proteins were 166 solubilized again in lysis buffer. Cycles of intermittent sonication followed by centrifugation at 10,000 g 167 for 10 min were performed until all proteins were solubilized in the buffer and no evidence of precipitate 168 was observed. All these steps were carried at 4 °C. Before DIGE labeling, protein concentrations were 169 measured according to Bradford method [38] .Bovine serum albumin was used as standard. 170
Cy-Dye labeling and separation of proteins by 2DE 171
Protein CyDye labeling and DIGE analysis were performed according to the manufacturer's instructions 172 (GE Healthcare). Samples containing 25µg of solubilized proteins were labeled by 200 pmol of 173 reconstitute CyDye. The quenched Cy3-and Cy5-labeled samples for each experimental sample were then 174 combined with the quenched Cy2-labeled pool internal standard. These samples were then quenched by the 175 addition of 1 μL 10 mM lysine followed by incubation on ice for 10 min. The total proteins (75μg) were 176 mixed and denatured in sample buffer (7M urea, 2M thiourea, 2% ASB 14, 2% DTT, 2% IPG buffer (pH 177 3-10)), and then rehydrated with rehydration buffer (7M urea, 2M thiourea, 2% ASB 14, 0.2% DTT, 1% 178 IPG buffer (pH 3-10)) and trace amounts of bromophenol blue. A final volume of 200 µl of sample was 179 then distributed evenly along IPG strip pH 3−10NL, 11 cm, covered by mineral oil and passively 180 rehydrated for at least 12 h in dark conditions. Isoelectric focusing was performed on a Protean IEF Cell(Bio-Rad) at 20 o C using wet wicks inserted between the IPG strips and the electrodes. The first dimension 182 was carried using the following program as recommended by the manufacturer's instructions (Bio-Rad): 183 rapid voltage slope at all the steps; step 1, 250 V for 15 min; step 2, 8000 V for 2.5 h, and step 3 at 8000 V 184 until 35000 Vh was reached. After focusing the strips were equilibrated for 15 min in equilibration buffer 185 (6 M urea, 0.375 M Tris, pH 8.8, 2% SDS, 20% glycerol) containing 2% DTT and then for 15 min in 186 equilibration buffer containing 2.5% iodoacetamide. The second dimension was carried out on 187 homogeneous 12.5% T Criterion precast gels (Bio-Rad, Hercules, CA) at 120 V for 2h using a Criterion 188
Cell (Bio-Rad). DIGE gels were fixed in 10% methanol and 7.5% acetic acid for 1h in the dark and washed 189 with bi-distilled water for 15 min before image acquisition. After image acquisition the gels were stained 190 by colloidal Coomassie blue staining for subsequent spot picking and protein identification. NY, USA). The fractions were desalted using C18 ZipTip (Millipore) following the manufacturer's 208 instructions and the nano-electrospray capillaries were loaded with 6 μl of peptide solutions in 50% ACN 209 in water with 0.1% FA. A 20 mm×100 µm pre column followed by a 100 mm×75 µm analytical column 210 both packed with reverse-phase C18 were used for separation at a flow rate of 300 nl/min. The gradient 211 buffers used were 0.1% formic acid in water (A) and 0.1% formic acid in 100% acetonitrile (B). 
Statistical analysis 236
Statistical analysis was performed using GraphPad Prism version 5.02 (GraphPad Software, San Diego, 237 CA). Paired comparisons were made using Student's t-test while the comparison of multiple treatments to a 238 common control was performed using one-way analysis of variance (ANOVA) with Dunnett's test, and p < 239 0.05 was considered significant. 240 241
Results 242

NPs characterization
The results of NPs characterization in powder form and dispersed in the cell media are represented in 244 Table 1 . Information about the properties of the NPs in powder form was obtained from the manufacturer. 245
NPs in the hepatocyte culture media showed agglomeration and/or aggregation. The NPs hydrodynamic 246 size was characterized using Dynamic light scattering (DLS) which showed, in general, a bimodal 247 distributions at concentrations 5 and 500 mg/L. The hydrodynamic size of CuO-NPs could not be obtained 248
at 5 mg/L due to high noise to signal ratio. Generally, a stable suspension has a zeta potential value higher 249 or lower than +/-30 mV (Malvern) and therefore none of the NPs were in stable suspension. 250
251
NPs oxidative ability and impact in cell viability 252
The oxidative ability of the metal and metal oxide NPs was investigated by cell-free dichlorofluorescein 253 (DCFH) assay using 5 and 1 mg/L after 2 h exposure ( Figure 1A exposure for all NPs. However, the concentration-dependent response varied among the NPs studied. Theexpressed spots from low to high concentration whereas a very low increase of concentration-dependent 276 response was observed at TiO 2 -USNPs and ZnO-NPs exposures. The impact at the protein level of the NP 277 exposures was characterized by down-regulation. In hepatocytes exposed to Ag-NPs, most of the 278 differentially expressed proteins were down-regulated underlining the strongest effects on the proteome. 279
The changes in protein expression profile (p<0.05, fold change ratio ≥2) caused by exposure to the studied 280 type and concentration of NPs were summarized in the supplementary material (Supplementary, Figure 1  281 and 2). which can also be from cell membranes. The only nuclear protein identified was heterogeneous nuclear 301 ribonucleo-protein F (HNRPF) (ID222) ( Table 2 ). The only protein with unclear subcellular localization 302 was helicase eIF4A (ID 273) which can be both in the nucleus and in the cytoplasm. 303 304
Post-translational modifications 305
The main post-translational modification found in numerous proteins was the oxidation of methionine 306 residues which causes small change of pI from the theoretical value (Table2). It is significantly in the 307 mitochondrial ATP synthase subunit alpha (ID209), (ATPA) that showed a big difference in pI from the 308 theoretical value (Table 2) . However the sequence found by mass spectrometry (the pI value was 6.1), 309 which is close to that observed by 2DE, would match with the main chain of this protein without transit 310 peptide. 311
312
Lipidomics 313
Details on the lipid composition of hepatocytes from control and exposed to NPs at 5 mg/L are represented 314 in Figure 4 . Interestingly, a significant decrease in the percentage of sphingomyelin (SM) was found in the 315 cells exposed to Ag-NPs (p<0.001) but also exposed to TiO 2 -USNPs (p<0.05) ( Figure 4A ). CuO-NPS 316 exposure caused a decrease in the percentage of PI and PE ( Figure 4A ) which made the PC/PE ratio 317 decreased ( Figure 4B ), a predictor of altered membrane fluidity. In the cells exposed to Ag-NPs changes 318 in the total lipid quantities were observed with a significant increase of triacylglycerol (TG) cell content 319 ( Figure 4C) . 320 321
Discussion 322
The application of quantitative proteomics in combination with lipidomics can be a a useful method to 323 illustrate the effects of NPs in cell lines. In this study the effects of exposure to TiO 2 -USNPs, ZnO-NPs, 324
CuO-NPs and Ag-NPs for 48 h were studied on primary mouse hepatocytes. After characterization of the 325 physicochemical properties of the NPs, their cytotoxicity was assessed followed by quantitative proteomic 326 and lipidomic analysis. Based on the cellular and molecular effects on the primary mouse hepatocytes, the 327 overall ranking of the impact of the NPs exposures is as follows: TiO 2 <ZnO<Ag<CuO. 328
Cytotoxicity of NPs 329
TiO 2 -USNPs (1-3 nm) used in this study were not cytotoxic ( Figure 1B ) at 1 or 5 mg/L. They did not 330 produce significant ROS ( Figure 1A ) and the insoluble nature of TiO 2 -NPs has been shown in previous 331 studies [42] . Thus effects observed upon exposure to TiO 2 -USNPs can be solely due to their size and direct 332 interactions with cellular components. ZnO-NPs exposures did not affect to the cellular viability, although 333 high concentration exposures could cause cytotoxicity in in vitro [15, 43] . However, despite lack of 334 toxicity, these NPs produced significant ROS ( Figure 1A ) and based on a previous study conducted by this 335 group, ZnO-NPs and CuO-NPs had the highest capacity of ions leakage [4] . Previous studies haveillustrated the importance of Zn ions in progression of alcoholic liver disease and hepatic lipid homeostasis 337 where it was shown that Zn supplementation reverses alcoholic steatosis by inhibiting oxidative stress [19] . 338
Therefore the impact of ZnO-NPs exposure on the proteome could be related to the disruption of Zn 339 homeostasis and in combination with the increase of ROS levels cause cytotoxicity. As mentioned, similar 340 to ZnO-NPs, CuO-NPs produced ROS ( figure 1A ) and leaked ions. However the exposure to CuO-NPs 341 caused the most severe effects at the cellular and molecular level with significant reduction of cell 342 viability. The severe toxicity of CuO-NPs has been shown previously [23, 24] . Since the amount of ROS 343 produced alone could not be the unique cytotoxic input (as shown for ZnO-NPs), it is likely that the 344 released ions had actively contributed to the cytotoxicity. The importance of the intracellular solubility of 345
NPs has arisen from understanding the Trojan horse-type mechanism of intracellular dissolution and its 346 impact on the release of ions inside the cells leading to toxicity [44] . It has recently been reported that the 347 intracellular solubility of CuO-NPs has the most critical role on the cytotoxicity [45] . Another type of NPs 348 with great impact on the hepatocytes viability was Ag-NPs. These NPs however did not produce ROS. 349
Previous studies have shown the uptake of the Ag-NPs despite different pattern of agglomeration as well 350 as release of ions, both contributing to toxicity [46, 47] . 351
Global impact of the NPs exposure to hepatocytes 352
The cellular impact of the NPs exposure was globally studied by combining proteomics and lipidomics. 353
The differentially expressed proteins identified were involved in lipid metabolism, electron transport chain, 354 structure of the cell, signaling, metabolism as well as nuclear proteins. 355
Impact on lipids and fatty acid metabolism 356
One of the common cellular responses observed was variation of the cellular lipids (i.e. CuO-NPs, Ag-NPs 357 and TiO 2 -USNPs) and differential expression of proteins involved in fatty acid and lipid metabolism was 358 also observed. The lipidomic results showed a significant decrease of percentage of SM in the hepatocytes 359 exposed to TiO 2 -USNPs at 5 mg/L, although the PC/PE and CL/PL values indicated that the membrane 360 fluidity was not affected (Figure 4) . Lipid rafts, defined as cholesterol-and sphingolipid-enriched 361 membrane micro-domains, might be altered by TiO 2 -USNPs exposure in plasma membrane, triggering 362 ROS release by enzymes localized in the membrane rafts. These ROS stimulate ceramide-releasing 363 enzymes (e.g. acid sphingomyelinase) which are responsible for converting SM into phosphorylcholine 364 and ceramide, increase the ceramide-enriched membrane platforms [48, 49] . It has been reported that 365 carbon-based NPs treatment in lung epithelial cells led to an increase of ceramides in lipid rafts [50] . This 366 feed-forward mechanism can justify the decrease of SM in the TiO 2 -NPs exposure. The exposure to NPs caused significant increase of the ratio PC/PE and a decrease percentage of some PE and PI as well as 368 increase in concentration of TG. The effect of Cu on the cellular lipid droplets has been shown previously 369
[4]. Damage of the cellular plasma membrane has been shown to be one of the primary events in heavy 370 metal (Cu and Zn) toxicity in plants [51, 52] . Previous studies have shown heavy metal stress increased 371 PE, decreased PI, and PG [53] , although the decrease in PE values observed in our study has also been 372
shown in other studies [54] . Cu deficiency has been shown to increase in vivo hepatic synthesis of fatty 373 acids, TG, and PL in rats [55] . Therefore the decrease of this lipid class could be correlated to Cu 374 overload. Cells exposed to Ag-NPs had decrease in SM but increase in the number of TG and total lipids. 375
The increase in total lipids due to exposure to Ag-NPs has been observed previously [56] . Proteomic data 376 in this study showed that mitochondrial HMG-CoA synthase was down-regulated in the cells exposed to 377 
